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Almtraet--The development of crystal symmetry theory resembles a philosophical spiral. A scheme is 
constructed to illustrate this development which culminated in the derivation of the 230 space groups. An 
analogy is drawn between the theory of simple crystal forms and the theory of atomic structures. In 
conclusion multicolored and multidimensional symmetries are mentioned. 
I am going to consider here the works on crystal symmetry from different periods in time. As an 
introduction, I should like to consider the philosophical aspect of gaining new scientific knowledge 
and the sequence of its accumulation invoking as examples only various generalizations of the 
theory of symmetry (Fig. 1) [1]. 
"A development that repeats, as it were, stages that have already been passed, but 
repeats them in a different way, on a higher basis (the negation of negation), a 
development, so to speak, that proceeds in spirals, not in a straight line." [2] 
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Fig. I. A schematic of a philosophic spiral illustrating the acquisition of new scientific knowledge. 
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Some stages of this process are very short, almost instantaneous, some other stages may take 
many years. Thus, Bravais completed his theory of crystal attices in 1850 when there were no 
methods to verify this theory. The first opportunity to do it only appeared in 1885 as a result of 
the development of the crystal chemical analysis by Fedorov. Only the advent of the X-ray structure 
analysis in the twentieth century provided the reliable experimental determination of the Bravais 
lattices. 
The historical process of acquiring new scientific knowledges includes not only some delay--even 
the reverse motion can occur. In some cases one turn of the cognition spiral is still in progress 
whereas the next one already starts developing. Both turns may then be completed simultaneously 
or almost simultaneously. 
The time necessary for one turn to proceed may vary over a wide range. It used to take centuries, 
in the nineteenth century it took only decades, and nowadays the time is only one-three years. The 
study of crystals began with the investigation of their shape. In 1546 Agricola published his book 
on the nature of fossiles. The corresponding stage of the development was completed in the 
beginning of the nineteenth century by the works of Rom~ de L'Isle and Hafiy. 
In the first quarter of the nineteenth century (1820-1822) Weiss and Moss determined the crystal 
systems. It is these works that make the basis of the systematic study of crystal symmetry. In the 
development of large classifications, it is often observed that an essential characteristic taken for 
the classification is then substituted by another, even more important, one. This was the case, in 
the development ofthe classification of chemical elements when the atomic mass used by Mendeleev 
as the main characteristic for the periodic system was substituted later on by a new characteristic-- 
the atomic number. 
The crystallographic analogy is the substitution of the crystal shape by crystal symmetry. The 
initially chosen characteristic n both cases retains its importance and develops with the devel- 
opment of the whole system. The stages observed in the development of crystallography in the 
nineteenth century are illustrated by Fig. 2 which is concluded by the derivation of 230 space groups 
T a x o n s  
Crystal kingdom 
Categories 
Systems 
Point-groups 
ot symmetry 
Simple forms 
Gravels-Lattices 
Space Groups: 
symrph 
hlaeisvalolTh 
uymorph 
D iagram o f  c lass i f i ca t ion  
Trl¢l. 
:E= 
(31 
i f) 
5 7 7 5 3 3 2 (32) 
15 8(+5) 9(+2] 8(+6) 4(+3) !(+2) 2 (47) 
S I 2 1 4 2 ! (143 
s.h.a, s. h. L S. h. e. !S. 7S' 
h. S4 
15-17-14 37 23 - 60 21 - 24 - 211 a 1041i 
3G 12o 7~ reel 
Fundamental 
authors 
Rome de tJsle 1783-18~ 
Hauy 171K~-18~0 
Bruster 1820 
Weiss, Hoes 11122 
Frankenheia 1827 
Gsssel 1830. 11addln 17  
Federov IW, 8oMirev 1936 
Bok~y tg40 (itS) 
Bravals 11160, Federov 1885 
ZokWke 1879 
Fedemv.khedliu INO 
b~t too-too 
Fig. 2. The main studies on crystal symmetry performed in the nineteenth century. 
The derivation of the 230 space groups 
Fig. 3. Five physically different cubes (according to Shubnikov). 
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by Fedorov and Schfnflies in 1980. However, despite the fact that the development of crys- 
tallography in the nineteenth century proceeded under the sign of crystal symmetry, the science 
on crystal shape was also developing. 
In our days we witnessed the hot discussion between Russian and Western crystallographers on
the number of simple crystal forms despite the fact that already the first edition of Fedorov's 
Crystallography (1901) gave 47 simple crystal forms. Even in the thirties the European scientists 
still believed that their number is 48. Groth and the majority of European crystallographers 
considered the axial and planar dihedra to be two separate forms which resulted in an excessive 
form. They motivated their standpoint by the fact that each of the two dihedra was the general 
form in its own class of the monoclinic system. 
I clearly remember the discussion on the subject at the seminars of the Chair headed by Professor 
Boldyrev in the late twenties. By the way, it is at these seminars that I first met Professor 
Shubnikov; later on I started working with him. The discussion on the number of simple crystal 
forms was completed with the article by Boldyrev to this end [3]. Participating in these discussions, 
I payed attention to the fact that the third dihedron with the symmetry L:2P was somehow 
neglected. After my remark Shubnikov reminded that he had already considered five different cubes 
in crystallography and indicated the corresponding references in his textbook on crystallography 
[4]. Five Shubnikov cubes (Fig. 3) have different symmetry similar to the above mentioned three 
dihedra. I still then came to an idea to derive all these cases for all simple crystal forms. Such a 
work was completed in 1937, i.e. exactly 50 years ago. Its abridged version was published in 1938 
[5] and the complete one in 1940 [6]. Thetotal number of such symmetry varieties for simple crystal 
forms turned out to be 146. The above mentioned works were repeatedly cited both in this country 
and abroad. This work was also considered in detail by Galiulin in 1984 [7]. The above 146 forms 
yield 146 structural variants, the knowledge of which is necessary for studying epitaxial growth 
(Shafranovskii, 1945). 
In 1960 Shafranovskii derived all simple edge and vertex crystal forms--303 and 47, respectively 
[81. 
In the theory of space groups of symmetry the analogue of simple forms is regular systems of 
points which were all listed already in the first edition of the International Tables for the 
determination of crystal structures [9]. 
An analogue of 47 forms is "gittercomplexes". The analogue of 146 forms is 1731 forms 
calculated by Galiulin (private communication). 
Now consider the problem on the space groups of symmetry. As is well known, the theory was 
put forward in 1980, whereas the experimental verification of the theory became possible only with 
the advent of the X-ray structure analysis. However, using systematic extinctions of X-ray patterns, 
one may uniquely determine only 61 of the total number of 230 space groups. In the remaining 
cases we have an ambiguity of several possible space groups satisfying the same extinction laws. 
For the unique determination of the space group it is necessary to invoke more sophisticated 
methods of the x-ray structure analysis and some other physical methods, e.g. the data on piezo- 
and piroelectric properties, the data on etching figures on the crystal faces, etc. But as a rule, if 
the X-ray structure determination yields several possible space groups for the crystal, the most 
symmetric one is taken. 
In 1977 Arkhipenko and myself suggested to apply in such cases the methods of Raman and 
infra-red spectroscopies [10], which in principle provided the unique determination of 206 of 230 
space groups. This method is invalid for only 22 enantiomorphous groups and one more pair of 
space groups. 
Now, a few words on enantiomorphous groups. When considering right- and left-handedness 
of crystals, one implies the presence in the crystal structure of right- or left-handed screw 
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arrangement of atoms. The only objective criterion for distinguishing between the right- and 
left-handed forms is the rotation of polarization plane in a crystal. If it rotates to the left, a crystal 
is called left-handed, if it rotates to the right, a crystal is right-handed. But this does not mean 
that left-handed crystals also possess left-handed (geometric) axes. In such cases geometric 
considerations making the basis of enantiomorphism (chirality) are substituted by the consideration 
of physical properties. 
If atoms constituting a crystal have screw arrangement in a certain direction, the rotation of the 
polarization plane is observed. For right-handed screw arrangements, the rays propagating along 
the right-hand screws are delayed relative to the rays propagating along the left-hand screw, since 
the former rays encounter in their path a larger number of atoms with electronic shells than the 
latter ays which encounter a larger number of "empty sites" in the structure. As a result he crystal 
rotates the polarization plane to the left. 
Thus we arrive at a paradoxical conclusion that crystals or liquids possessing the left rotation 
of the polarization plane have continuous right-hand screws (crystals) or discrete left-handed 
molecules (solutions and melts) [1]. 
From the geometrical standpoint the type of a screw is determined in a very simple way: the 
right-hand screw is screwed in the clockwise direction and is unscrewed in anticlockwise direction, 
and vice versa for a left-hand screw. In technical applications right-hand screws are used, as a rule. 
Left-hand screws are used rather rarely and usually in combination with right-hand ones, e.g. in 
cars when, one (right) wheel is rotated in the clockwise direction whereas, the other one (left) in 
the anticlockwise direction. 
The problem is more complicated in molecules. Some molecules may have screw arrangement, 
but others can form screw arrangement only in crystals. 
The most typical case is molecules which themselves have no screw arrangement but have an 
asymmetric carbon atom. As an example consider molecules of aminoacids. Figure 4 depicts two 
molecules--right-(D) and left-handed (L). But how to recognize them? One cannot know it a priori. 
Which of the two rotates the polarization plane to the right and which to the left? In other words, 
which atomic configuration is inherent in aminoacids of a living organism? 
This question may be answered if one speculates in the following way--the nearest neighbours 
of asymmetric carbon (we neglect radical R) may be considered as one turn of the screw. Let us 
start the rotation of molecule I with the C-H bond by rotating it to the left through 120 ° around 
R-C (as indicated by an arrow in Fig. 4). The next bond (as to the number of electrons) is C-NH2 
and then C-COOH. Thus we have a left-hand screw and the molecule rotates the polarization plane 
to the right. In a similar way, we come to a conclusion that molecule II is built in accordance with 
a right-hand screw and therefore rotates the polarization plane to the left. Thus, it is the latter 
configuration which is typical for natural aminoacids. 
In 1984 Japanese scientists have managed to synthesize (of both valine isomers) the derivatives 
in which nitrogen atoms have atomic groups with long carbon chains [N-(2-hydroxydodecyl)]. Such 
"fibers" were obtained by evaporation of suspensions made of both isomers applied onto a glass 
substrate. 
High-resolution electron microscopy have shown that L-valine (the so-called left-valine) is built 
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Fig. 4. Schematic illustrating the structure of right- and left-handed aminoacids. 
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by fibers twisted to the right, whereas the left-hand helix is formed by the "right-hand" D-form 
of valine. Similar behaviour was also observed for leucine and alanine derivatives [11]. 
The authors were surprised with the obtained results. But if one takes into account he above 
considerations these results are quite obvious. 
Now let us follow the development of the theory of symmetry in the second half of the twentieth 
century. 
Consider first the black-white symmetry groups. In the late fifties Shubnikov derived all 122 
black-white point symmetry groups--32 conventional, 32 grey and 58 black-white groups [12]. 
In 1955 Zamorzaev derived the black-white groups and in 1955 Belov with coworkers repeated 
the derivation by the Fedorov method and, which is the most important, refined the derivation. 
As a result 1651 groups were established--230 conventional, 230 grey and 1191 essentially 
black-white groups [12]. 
Several years later Koptsik managed to depict all these Shubnikov groups and published their 
atlas [13]. 
In 1955 Belov started studying color symmetry, and in 1956 the first two works on color 
symmetry appeared [14, 15], which triggered ennumerate new investigations in this field. 
Belov has shown that the coloring of an object does not change the group symmetry. The 
maximum number of possible colors is 48 (hexoctahedron). Then Zamorzaev published an article 
on three-color groups. In the seventies this derivation has been refined. If my memory does not 
fail me, it has been done by Professor Hartmann from the U.S.A. Three-color groups were followed 
by the derivation of four-color groups (Zamorzaev). 
In 1956 Belov published two more articles Medieval Moresque ornanentation within the 
framework of the symmetry groups and Three-dimensional mosaics with color symmetry. These 
works have made the basis of a new direction in crystallography--the color symmetry. 
In concluding this part of my article I should like to mention the article published by Belov et 
al. [16], which in a way summarized the knowledge in this field. Today we know 7 three-color 
groups, 30 four-color groups, 17 six-color, 9 eight-color, 11 twelve-color, and 1 sixteen-color 
groups. 
Color space groups embrace l ll three-color, 2170 four-color and 379 six-color groups [17]. 
Of great heoretical interest are the works on the multidimensional symmetry. These works were 
initiated by Karl Hermann in 1949 [I 8]. In short, the history of the derivation of four-dimensional 
Bravais lattices is as follows: the first works in this field were made by MacKay, Bernal's coworkers. 
He obtained 50 four-dimensional lattices. Zamorzaev derived 53 lattices. In 1968 Belov and 
Kuntsevich published the article entitled Geometrical interpretation of point symmetry elements and 
Bravais lattices in the four-dimensional space [19] which stated already 57 such groups. This work 
was completed by Professor Wondratschek from Western Germany. Altogether there are 64 
Bravais Lattices. 
In 1970 Belov and Kuntsevich published another article---Four-dimensional space groups for 
lower systems. 
To-day we know 4783 four-dimensional space groups, among them 1200 of the lower systems. 
Now it is clear that Belov and Kuntsevich made a mistake (3 groups) which was corrected by 
Wondratschek. He received the final number of four-dimensional space groups 4783. 
As has already been mentioned all works by Belov and especially theoretical ones, are penetrated 
by the concept of symmetry. It is also the main concept of his most popular book known as the 
Blue Book [20], which is devoted to close packings of anions in inorganic ompounds or of atoms 
in intermetallic ompounds. The history of the problem dates back to the end of the nineteenth 
century when Barlow put forward the hypothesis that crystals are built by densely packed spherical 
atoms or ions. Barlow believed that only two such packings are possible--cubic and hexagonal. 
At that time no experimental data existed for either to confirm or disprove this hypothesis which 
was just an intuitive speculation. The history does not retain any details related to this hypothesis. 
It may be inspired by Fedorov and his classification, which divided all the crystals into cubic and 
hexagonal types. Anyhow, Barlow's student Bragg confirmed the validity of the Barlow hypothesis 
by his first X-ray determinations made in 1913-1918. The concept of two closest packings--two- 
layered hexagonal.., abab. . ,  and three-layered cubic.. ,  abeabc.. ,  was accepted for ten years. In 
the mid twenties, Pauling determined the topaz structure. Analyzing it from the standpoint of the 
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theory of close packings he discovered a new type of closest packings--the four-layered packing 
(... abac. . . )  which he called the topaz packing. Pauling came to a conclusion that there are infinite 
number of possible close packings of any order. This brought he chaos to the kingdom of packings 
which lasted up to the publication of the Blue Book by Belov [20], who mathematically proved that 
all infinite number of packings are embraced by eight possible space groups of symmetry. 
Concluding my article, I should like to mention the works on noncrystallographic symmetry, 
and, first and foremost, the related sections of Shubnikov's book entitled Symmetry (Symmetry 
Laws and Their Use in Science, Engineering and Applied Arts) [21] and the second edition of the 
remarkable book by Shafranovskii entitled Symmetry in Nature [22]. 
The acceleration i acquisition of new scientific knowledge may be illustrated by the following 
examples. The first turn of the spiral (begun by the Agricola book in 1956) was completed by 
Rom~-de L'Isle in 1784, i.e it took of about 250 years. 
In the nineteenth century we have already witnessed six turns of the spiral. Each of the works 
performed after 1950 is a spiral turn by itself and there ae more than 12 turns of the spiral for 
a short period of 30-35 years. 
A question may arise, what is the purpose of studying the color and four-dimensional 
symmetries? Is not it too abstract? Can it find any practical application? Similar questions are not 
new for the history of science. They always receive appropriate answers. History knows a lot of 
examples when the correct heory waited many years for its experimental verification, confirmation 
and application. It is suffice to mention here Bravais lattices and the theory of space groups. 
When Shubnikov published his work on the black-white groups it was severely criticized by 
Ansheles, who saw no direct relation between the Shubnikov idea and reality. But several years 
later Vainshtein and his colleagues used these groups for the analysis of the electron density maps 
obtained by the X-ray method. The distribution of maxima and minima on these maps obeys the 
laws of the black--white symmetry [23]. In 1967 Belov and Kharitonov considered the simplest 
structures of layered silicates within the framework of the Shubnikov antisymmetry groups. In 1971 
Belov and Kuntsevich published the article entitled On the use of four-dimensional space groups in 
the derivation of three-dimensional p-color groups of symmetry where p = I, 2, 3, 4, 6 [24]. 
I believe that in the immediate future the four-dimensional theory of symmetry (and not only 
four-dimensional but also five- and six-dimensional ones) will find practical application, e.g. for 
the development of the rigorous theory of incommensurate modulated structures. 
REFERENCES 
1. G. B. Bokii, The role of the classification system for the acquisition of new scientific knowledge (in Russian). In 
Problems of System Studies, pp. 45-63. Novosibirsk (1985). 
2. V. I. Lenin, Karl Marx (a Brief Biographical Sketch with an Exposition of Maxism). Collected Works, vol. 21, p. 54. 
Progress, Moscow (1964). 
3. A. Bodirev, Are there 47 or 48 simple forms possible on crystals. Am. Miner. 21, 731-734 (1936). 
4. A. V. Shubnikov, Crystallography (in Russian). Ekatirinburg (1925). 
5. G. B. Bokii, A number of physically different simple forms of crystals (in Russian). DAN SSR 21(5), 30-31 (1938). 
6. G. B. Bokii, A number of physically different simple forms of crystals (in Russian). Trudy Inst. KristalL 2, 13--37 (1940). 
7. R. V. Galiulin, Crystallographic Geometry (in Russian). Nauka, Moscow (1984). 
8. I. I. Shafranovskii, Lectures on Crystal Morphology (in Russian), 2rid edn Vyshaya Shkola, Moscow (1968). 
9. International Tabellen zur Besammang ear Kristallstrukturen. C-¢briider Borntracger, Berlin (1935). 
10. D. K. Arkhipenko and (3. B. Bokil, On possibility of space group refinement by Raman and infrared spectroscopics 
(in Russian). Z. Kristallogr. 22, 6 (1977). 
11. Hisao Hidara, Nasahiko Murata and Teshiaki Ouai, Helical aggregates of chiral N-(2-hydroxydodecyl) amino adds. 
J. chem. Sac. chem. Commun. 9, 563-569 (1984). 
12. N. V. Belay, N. N. Neronova nd T. S. Smirnova. The 1651 Shubnikov groups (in Russian). Trudy Inst. Kriatall. 11, 
33-67 (1955). 
13. V. A. Koptsik, Shubnikov Groups: Reference Book on Symmetry and Physical Properties of Crystal Structures 
(in Russian). Izd-vo MGU, Moscow (1966). 
14. N. V. Belay and T. N. Tarkhova, Groups of color symmetry (in Russian). Z. Kristallogr. 1(1), 4-13 (1956). 
15. N. V. Belay and T. N. Tarkhova. On groups of color symmetry (in Russian). Z. Kristallogr. 1(6), 619--620 (1956). 
16. V. L. Indenbom, N. V. Belay and N. N. Neronova, Point groups of color symmetry (color classes) (in Russian). Z. 
Kristallogr. 5(4), 497-500 (1960). 
17. G. B. Bokii, Belov's ideas in theoretical crystal chemistry. In Crystallography and Crystal Chemistry (in Russian). 
Nauka, Moscow (1986). 
18. T. S. Kuntsevich and N. V. Belov, Four-dimensional Bravais lattices (in Russian). Z. Kristallogr. 15(2), 215-229 (1970). 
19. C. Hermann, Symmetry operation in n-dimensional space. Acta Crystallogr. 2(3), 139-145 (1949). 
20. N. V. Belay, Structure of ionic minerals and metallic phases (in Russian). Izd-vo AN SSSR, Moscow, Leningrad (1947). 
The derivation of the 230 space groups 485 
21. A. V. Shubnikov, Symmetry (Symmetry Laws and Their Use in Science, Engineering, and Applied Arts) (in Russian). 
Izd-vo AN SSSR, Moscow (1940). 
22. I. I. Shafranovskii, Symmetry in Nature, 2nd edn. Ncdra, Leningrad (1985). 
23. B. K. Vainshtein, Modern Crystallography, Vol. 1. Springer, Berlin (1979). 
24. N. V. Belov and T. S. Kuntsevich, On the use of four-dimensional space groups in the derivation of three-dimensional 
p-color groups (p = I, 2, 3, 4, 6). Acta Crystallogr. 27(6), 511-517 (1971). 
